The use of rituximab, an anti-CD20 mAb, in combination with chemotherapy is the current standard for the treatment of B-cell lymphomas. However, because of a significant number of treatment failures, there is a demand for new, improved therapeutics. Here, we designed a nanomedicine that crosslinks CD20 and directly induces apoptosis of B-cells without the need for toxins or immune effector functions. The therapeutic system comprises a pretargeting component (anti-CD20 Fab' conjugated with an oligonucleotide1) and a crosslinking component (N-(2-hydroxypropyl)methacrylamide (HPMA) copolymer grafted with multiple complementary oligonucleotide2). Consecutive treatment with the two components resulted in CD20 clustering on the cell surface and effectively killed malignant B-cells in vivo. To enhance therapeutic efficacy, a two-step pretargeting approach was employed. We showed that the time lag between the two doses can be optimized based on pharmacokinetics and biodistribution of the Fab'-oligonucleotide1 conjugate. In a mouse model of human non-Hodgkin lymphoma (NHL), increasing the time lag from 1 h to 5 h resulted in dramatically improved tumor growth inhibition and animal survival. When the 5 h interval was used, the nanotherapy was more efficacious than rituximab and led to complete eradication of lymphoma cells with no signs of metastasis or disease recurrence. We further evaluated the nanomedicine using patient mantle cell lymphoma cells; the treatment demonstrated more potent apoptosis-inducing activity than rituximab hyper-crosslinked with secondary antibodies. In summary, our approach may constitute a novel treatment for NHL and other B-cell malignancies with significant advantages over conventional chemo-immunotherapy.
Introduction
Non-Hodgkin lymphoma (NHL) is a prevalent cancer with an around 72,000 projected new cases in 2015 in the United States [1] . Approximately 85% of NHLs arise from B-lymphocytes, and the rest are of T-cell origin. Rituximab, an anti-CD20 monoclonal antibody (mAb), was approved in 1997 for the treat-ment of B-cell NHL and remains one of the best-characterized antibodies in cancer immunotherapy [2] . The current standard for the treatment of most B-cell NHLs is rituximab in combination with chemotherapy. However, in spite of significant success with this approach, primary resistance and re-Ivyspring International Publisher lapse remain a problem [3] . This has been attributed to the inability of immune effector cells to hyper-crosslink ligated mAbs (crosslinking of CD20-bound antibodies by effector cells via Fc receptor (FcR)/Fc interaction) [4, 5] , and FcR-mediated endocytosis [6] or "trogocytosis" [7] of CD20 antigens. These clinical problems warrant the development of new, improved therapeutic strategies.
CD20 is one of the most reliable biomarkers of B-lymphocytes. It is a non-internalizing [8] or slowly internalizing [9, 10] receptor, highly expressed on the surfaces of most malignant B-cells, as well as normal B-cells. However, CD20 is not expressed on stem cells and mature plasma cells [11] . Consequently, therapeutics targeting CD20 are safe because normal B-cells can be restored after treatments. It is a well-established fact that crosslinking of CD20 at the surface of B-cells induces apoptosis [12] . One widely accepted model suggests that when CD20-bound antibodies are hyper-crosslinked by FcR-expressing immune effector cells (e.g., macrophages, natural killer cells), the clustered CD20 tend to redistribute at the cell surface and become localized to lipid rafts [13] . Such events mediate the interaction of CD20 with Src-family kinases that are also located in lipid rafts, and trigger apoptotic signaling [14] . Without hyper-crosslinking, apoptosis initiated by ligated mAbs is very limited [15] .
Based on the above-mentioned mechanism, we designed a biomimetic therapeutic system ( Fig. 1 ) that crosslinks CD20 and directly induces apoptosis of lymphoma B-cells without the need for chemotherapeutic agents, toxins or immune effector functions. The therapeutic system is composed of two macromolecular conjugates: 1) Fab'-MORF1: an anti-CD20 Fab' antibody fragment attached to a single-stranded morpholino oligonucleotide, MORF1, and 2) P-MORF2: a linear N-(2-hydroxypropyl)methacrylamide (HPMA) polymer (P) backbone grafted with multiple copies of the complementary oligonucleo-tide, MORF2. We have previously shown that exposure of the human NHL B-cell line Raji to the first conjugate (Fab'-MORF1) decorated the cell surface with MORF1 via CD20 binding; further treatment of the cells with the second conjugate (P-MORF2) resulted in MORF1/MORF2 hybridization at the cell surface, which mediated CD20 crosslinking and induced apoptosis in vitro and in vivo [16] . We named the designed platform "drug-free macromolecular therapeutics" because it does not contain small-molecule cytotoxic compounds (e.g., chemotherapeutics) and the individual components do not have apoptosis-inducing activity [17, 18] . This new therapeutic approach aims to selectively target B-cells for direct apoptosis induction. It has the potential to improve on outcomes currently obtained with conventional chemo-immunotherapy.
A significant advantage of the designed "two-step" therapeutics (i.e., consecutive administration of Fab'-MORF1 followed by P-MORF2) is the opportunity of pretargeting. Pretargeting is an approach used in cancer radio-immunotherapy, by which targeting functionality and therapeutic modalities are separated in order to achieve desirable pharmacokinetic (PK) goals and reduce adverse side reactions [19] . With the help of modern nanotechnology, the concept of pretargeting has been expanded in recent years and applied for such strategies as amplified therapeutic delivery [20] and universal targeting of different tumor ligands [21] . In the work presented here, Fab'-MORF1 and P-MORF2 are used as a pretargeting dose and a crosslinking dose (effector), respectively. We hypothesized that the time lag between the two doses could be optimized based on PK and biodistribution of the first dose (Fab'-MORF1), in order to achieve maximal tumor-to-tissue accumulation in individual patients. This approach would enable more efficient treatment and limit potential side effects associated with off-target binding. Fig. 1 . Drug-free macromolecular therapeutics by a two-step pretargeting approach. Two macromolecular conjugates, Fab'-MORF1 and P-MORF2, are administered consecutively as the pretargeting dose and the crosslinking dose to induce apoptosis of malignant B-cells.
In this report, we show the development and preclinical evaluation of drug-free macromolecular therapeutics for B-cell lymphomas. In vivo therapeutic efficacy was evaluated in mice using a luciferase-based imageable model of human B-cell NHL. The two-step pretargeting approach was employed where the time lag was optimized after determining the PK and biodistribution of Fab'-MORF1. The designed therapeutic system was compared with rituximab in mouse xenografts and against patient NHL cells in order to test its potential for clinical translation.
Materials and Methods

Preparation of conjugates Fab'-MORF1 and P-MORF2
A pair of 25 bp morpholino oligonucleotides (MORF1 and MORF2) with 3' primary amine modification was purchased from Gene Tools. MORF1 was modified with succinimidyl-4-(N-maleimidomethyl) cyclohexane-1-carboxylate (SMCC) and then conjugated to the Fab' fragment of the 1F5 mAb (IgG2a) via thiol-ene reaction (Supplementary Material: Fig. S1 ). The second conjugate was obtained in two steps: The polymeric precursor was first synthesized by reversible addition-fragmentation chain transfer (RAFT) copolymerization of HPMA and N-methacryloylglycylglycine thiazolidine-2-thione (MA-GG-TT). Then the complementary MORF2 was grafted to the copolymer backbone via amide linkage (Supplementary Material: Fig. S1 ). Both conjugates were purified by size exclusion chromatography [16] . A detailed description is provided in Supplementary Material: Supporting Methods.
Cell lines
Burkitt's B-lymphoma cell line Raji was purchased from the American Type Culture Collection (ATCC). ATCC confirmed this line tested positive for the presence of Epstein Barr viral DNA sequences via PCR. Luciferase-expressing Raji cell line (Raji-luc) was generated as previously described [22] . Raji-luc harbors a dual reporter gene L2G (Luc-2A-eGFP) containing a modified firefly luciferase gene joined to eGFP at the 3' end. The L2G construct was ligated into the pCDH-CMV-MCS lentiviral cDNA expression vector (System Biosciences).
Confocal fluorescence microscopy
Raji cells were incubated with rhodamine-labeled Fab'-MORF1 for 1 h and FITC-labeled P-MORF2 for another 1 h. Prior to imaging, cells were washed with PBS. For the CD20 pre-blocking control studies, all conditions were kept the same, except that the cells were pretreated for 1 h with excess amounts of a mouse anti-human CD20 mAb, 1F5 [23] . For de-tailed procedures, see Supplementary Material: Supporting Methods.
Pharmacokinetics study
Female C.B-17 SCID mice (6-to 8-week-old; 18-20 g; Charles River Laboratories) were used in all following animal experiments in this paper. Mice (n = 5) were intravenously injected with 125 I-labeled 
Biodistribution study
Mice were intravenously injected with 4 × 10 6 Raji cells (in 200 μL PBS) via the tail vein. At day 1 or 7 post-inoculation, mice were i.v. administered with 125 I-Fab'-MORF1 (20 μCi; 58 μg). Healthy mice (without tumor) were also given the same dose of 125 I-Fab'-MORF1 as controls. At 1 h or 5 h post-administration of conjugates, mice (n = 4 per group) were sacrificed. Various organs and tissues were harvested, weighed, and counted for radioactivity with a Gamma Counter. Uptake of conjugates was calculated as the percentage of the injected dose per gram of organs or tissues (% ID/g).
Fluorescence molecular tomography (FMT) imaging
Raji cells were stained with 10 µM DiR (1,1'-dioctadecyl-3,3,3',3'-tetramethyl indotricarbocyanine iodide) (PerkinElmer) at 37 °C for 20 min. Following staining, cells were washed twice with cold PBS. Four million DiR-labeled Raji cells (in 200 μL PBS; used immediately after stained) were injected to mice (n = 4) via the tail vein. At 24 h post-inoculation, the mice were sacrificed, and various organs and tissues were harvested. The fluorescence signals of these organs and tissues were measured using an FMT camera (PerkinElmer) equipped with a 745 nm laser. Total signal intensities (count/energy) of each organ or tissue were quantified. Healthy mice (without tumor) were used as controls (n = 4).
In vivo anti-lymphoma efficacy study
Mice were injected via the tail vein with 4 × 10 6 Raji-luc cells. One week later, the inoculated mice were divided into groups (n = 6 or 7) and administered via the tail vein with three doses of different treatments (in 100 μL PBS) every other day. These treatments were: 1) PBS (100 μL), 2) Rituxan ® (Genentech/Biogen Idec; 75 μg/20 g), 3) 1F5 mAb (75 μg/20 g), 4) Fab'-MORF1 (58 μg/20 g; 1 nmol MORF1) followed by P-MORF2 (119 μg/20 g; 5 nmol MORF2), 1 h interval, and 5) same as 4) but with 5 h interval. Mice were sacrificed at the onset of paralysis or when the body weight dropped below 80% of the initial; otherwise, the mice were maintained until 125 days and considered long-term survivors.
Bioluminescence and microcomputed tomography (microCT) imaging
Imaging of luciferase-expressing Raji lymphoma was performed in vivo and ex vivo, as previously described [22] . In vivo microCT imaging of mice was performed on week 10 after tumor implantation. For detailed procedures, see Supplementary Material: Supporting Methods. All above animal experiments were performed according to the protocol approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Utah.
Flow cytometry analysis of femoral bone marrow cells
After mice were sacrificed, fresh femurs (from both hind limbs) were purged with 1 mL PBS to obtain bone marrow cells. The suspension was passed through a 70-μm Falcon TM cell strainer (BD Biosciences), followed by centrifugation (200 g, 5 min) and resuspension in 5 mL red blood cell lysis buffer. The suspension was incubated at room temperature for 5 min and washed/resuspended in cold PBS. Allophycocyanin (APC)-labeled mouse anti-human CD19 antibody (IgG1, κ isotype; BD Biosciences) (10 μL) was added to 100 μL single-cell suspension containing about 10 6 cells [24] . Cells were incubated for 45 min at 4 °C in the dark, and washed with 1.5 mL PBS prior to analysis. For flow cytometry, data of 5 × 10 5 cells were recorded.
Patient samples analysis and apoptosis assay
Leukocytes were isolated from four previously untreated mantle cell lymphoma (MCL) patients following ammonium chloride lysis. The isolated cells harbor the t(11;14) chromosomal translocation, a typical MCL phenotype. Specimens were collected after informed consent under a protocol approved by the University of Utah Institutional Review Board. For detailed procedures, see Supplementary Material: Supporting Methods.
Statistical analysis
Statistics was performed by Student's t test to compare between two groups, or one-way analysis of variance (ANOVA) to compare three or more groups (with p value < 0.05 indicating statistical significance). Animal survival analysis was performed with the log-rank test using the GraphPad Prism 5 software.
Results
Therapeutic conjugates Fab'-MORF1 and P-MORF2 were successfully synthesized
The morpholino oligonucleotide pair, MORF1 and MORF2 ( Fig. 1 ), were 25 bp and both about 8.5 kDa. Their base sequences were designed to achieve optimal binding and solubility, and to avoid self-complementarity and off-target binding with human and murine mRNA [16] . The 3'-primary amine was used for conjugation to Fab' or the polymer backbone. The Fab' fragment was from a mouse anti-human CD20 mAb, 1F5 [23] ; this antibody was selected as a proof-of-concept study. MORF1 was tethered to the terminal thiol of Fab' via a thioether bond (Supplementary Material: Fig. S1 ). This site-specific conjugation would prevent undesirable impact on antigen binding. The coupling reaction followed a 1:1 stoichiometry; molecular weight of the conjugate was 57.5 kDa. The hydrodynamic effective diameter of Fab'-MORF1 was 9 nm, as characterized by dynamic light scattering [16] .
To prepare the multivalent P-MORF2 conjugate, we first synthesized a copolymer of HPMA with MA-GG-TT by RAFT polymerization [25] . The copolymer contained multiple side chains terminated in (amine-reactive) thiazolidine-2-thione groups and possessed a narrow distribution of molecular weights as determined by size exclusion chromatography (number average molecular weight, Mn = 136 kDa; polydispersity, Pd = 1.15). Then the MORF2 oligonucleotides (containing a 3'-primary amine) were attached to the HPMA copolymer side chains via amide bonds (Supplementary Material: Fig. S2 ). The valence (i.e., number of oligonucleotide grafts per polymer chain) of the P-MORF2 was 9. The hydrodynamic effective diameter of P-MORF2 was about 20 nm.
Fab'-MORF1 and P-MORF2 self-assembled on the surface of NHL B-cells
We have previously shown that the MORF1-MORF2 hybridization was fast (< 10 min) and stable (Tm = 59 °C) after conjugation to Fab' and the polymer [16] . When the two conjugates were mixed at equimolar MORF1/MORF2 concentration, a near 100% binding between Fab'-MORF1 and P-MORF2 was observed (Supplementary Material: Fig. S3 ). This indicated highly efficient in vitro self-assembly of the two conjugates. We further determined the cell surface biorecognition of the two conjugates by confocal microscopy (Fig. 2 ). In these experiments, Fab'-MORF1 was labeled with rhodamine (red), and P-MORF2 was labeled with FITC (green). Results showed that Fab'-MORF1 successfully decorated the surfaces of Raji cells (a human NHL B-cell line) via CD20 binding ( Fig. 2A ). Pre-blocking of the CD20 receptors at cell surfaces with an excess amount of 1F5 mAb resulted in no red signal decoration after the Fab'-MORF1 treatment. Furthermore, consecutive exposure of Raji cells to Fab'-MORF1 followed by P-MORF2 led to both the red and green signal decoration at the cell surface ( Fig. 2B ). This was mediated by the MORF1/MORF2 hybridization, as confirmed by controls using an HPMA copolymer labeled with FITC and grafted with multiple copies of a scrambled sequence of MORF2 (scMORF2). The polymer (P)-scMORF2 control conjugate, even in excess amounts, failed to bind to the surfaces of the MORF1-decorated B-cells, due to absence of the biorecognition pair. These data suggested that Fab'-MORF1 and P-MORF2 self-assemble on the surfaces of lymphoma B-cells with high functional specificity.
PK and biodistribution suggested an optimal time lag of 5 h for efficient tumor pretargeting
We planned to employ the two-step pretargeting strategy in the in vivo therapy experiments. Therefore, we analyzed the PK and biodistribution of the pretargeting dose, Fab'-MORF1, in order to determine the optimal time lag. The blood radioactivity versus time profile of the 125 I-labeled Fab'-MORF1 conjugate in mice is illustrated in Fig. 3A , and the PK parameters are summarized in Fig. 3B . Results showed that Fab'-MORF1 had a terminal plasma half-life of about 5 h, which was longer than the half-lives of other Fab' fragments of IgG antibodies [26] . This was possibly due to the attachment of MORF1 since the PK of antibody fragments without Fc is molecular weight (MW)-dependent [27] . Importantly, at about 5 h after intravenous injection, Fab'-MORF1 reached a plateau or steady blood concentration, indicating a suitable timing for P-MORF2 administration. At that point, most Fab'-MORF1 were cleared from the blood or distributed to tumors and tissues. Consequently, at this time point there were minimal free conjugates in the blood (unbound to B-cells) that would interfere with the hybridization when P-MORF2 is administered. Based on this result, we hypothesized that, by using a time lag of 5 h, the pretargeting and second-step targeting can be more effective, and the therapeutic efficacy of drug-free macromolecular therapeutics can be improved over our previous experimental conditions that used a 1 h interval [16] . To further support this hypothesis, we compared the biodistribution of Fab'-MORF1 at 1 h and 5 h (Fig.  3C) . The studies were performed in healthy SCID mice (no tumor), as well as SCID mice bearing systemically injected Raji B-cells (tumor). We first used fluorescence molecular tomography (FMT) imaging to determine the "hot spots" of Raji lymphoma dissemination (Fig. 3D) ; tumors were found abundantly in the tibiae, femora, spine, and lymph nodes, which is in agreement with previous reports [28] . Results of biodistribution showed that, 5 h after intravenous injection, Fab'-MORF1 indeed had a better tumor pretargeting efficiency when compared to 1 h post-injection. As shown in Fig. 3C , at 5 h, signifi-cantly more conjugates were found in the tibiae, femora, and lymph nodes of the tumor-engrafted mice, when compared to 1 h post-injection. These organs with substantially more uptake of Fab'-MORF1 matched with the Raji lymphoma tumor sites (as determined by FMT; Fig. 3D ). Furthermore, in order to define tumor-specific uptake of Fab'-MORF1 (Fig. 3E) , the mean radioactivity ( 125 I) in each organ of healthy mice (no tumor; background) was subtracted from the radioactivity of corresponding organs of the tumor-bearing mice. The increase from the background indicated tumor-specific uptake of the conjugates. This analysis suggested significantly more Fab'-MORF1 tumor uptake at 5 h, when compared to 1 h. Differences were statistically significant (5 h vs. 1 h) for all lymphoma hot spots (tibia, femur, spine, and lymph node) (p < 0.05), but not for organs without tumors (e.g., brain, muscle, and intestine). These data confirmed that, in this animal model, an optimal time lag of 5 h was suitable for tumor pretargeting of Fab'-MORF1.
Interestingly, we observed less accumulation of Fab'-MORF1 at 5 h (vs. 1 h) in several major organs, including the liver, kidneys, and lungs ( Fig. 3C ), suggesting a lower chance of off-target binding after the administration of P-MORF2 (effector). This observation further strengthens the rationale of using 5 h as an optimal time lag. The biodistribution results were concordant with the PK data, which confirmed significant blood clearance of Fab'-MORF1 conjugates from 1 h (~18 % ID/g) to 5 h (~5 % ID/g for healthy mice). In addition, at 5 h, mice bearing tumors had more conjugates in the blood (~10 % ID/g) when compared to mice without tumors (~5 % ID/g). This phenomenon likely resulted from Fab'-MORF1 targeting to the circulating lymphoma B-cells in the blood. The biodistribution study was performed on day 7 post-tumor inoculation of mice. Similar trends were observed at day 1 post-tumor inoculation (Supplementary Material: Fig. S4 ). However, the tumor pretargeting efficiency was apparently better on day 7 (Fig. 3C ) when compared to day 1, presumably due to more pronounced tumor dissemination and infiltration on day 7.
Pretargeted nanotherapeutics showed in vivo anti-lymphoma efficacy that is superior to rituximab
We used an imageable mouse model of systemically disseminated human B-cell lymphoma for preclinical evaluation of drug-free macromolecular therapeutics ( Fig. 4 ). Luciferase-labeled Raji cells (Raji-luc) were engrafted intravenously into adult SCID mice, which have functional macrophages, natural killer cells and complement. Prior to tumor engraftment, we confirmed the CD20 expression of Raji-luc cells ( Supplementary Material: Fig. S5 ). One week post-tumor inoculation, mice were administered three doses of different treatments every other day. Administration time and doses were based on a preliminary experiment ( Supplementary Material: Fig.  S6 ) and our previous studies [16, 29] . In this animal model, the hind-limb paralysis-free survival time reflects the therapeutic efficacy [28] [29] [30] . Luciferase imaging can be performed in vivo to determine tumor engraftment, dissemination, and growth/inhibition [22] . Here, we employed the two-step pretargeting strategy where Fab'-MORF1 and P-MORF2 were administered (via the tail vein) consecutively, using 1 h or 5 h as an interval. These two nanomedicine groups (Cons 1h, Cons 5h) were compared side by side with the immunotherapy control (1F5 mAb) and a clinically used anti-CD20 mAb, rituximab. The animal survival curve is shown in Fig. 4A . Data showed that mice in the placebo group (PBS) rapidly developed hind-limb paralysis within 4 weeks post-tumor injection; the median survival time was 25 days (0% survival). The designed nanomedicine using the 1 h interval (Cons 1h) substantially prolonged animal survival, resulting in a median survival of 55 days (14% survival; p = 0.003 compared to PBS). The therapeutic efficacy of Cons 1h was comparable to a Fab'-equivalent dose of rituximab, which had a median survival of 72 days (17% survival; p = 0.772 compared to Cons 1h). Importantly, when the 5 h interval (previously optimized time lag) was used, the nanomedicine achieved a significantly improved anticancer efficacy over the 1 h treatment (p = 0.008). This optimized treatment regimen (Cons 5h) produced an 83% animal survival, which was comparable to the immunotherapy control (1F5 mAb; p = 0.317) and was significantly better than rituximab (p = 0.009).
The in vivo tumor imaging studies (Fig. 4B and 4C) were in agreement with the animal survival. Bioluminescent images of mice (on day 25) are shown in Fig. 4B . These images demonstrate B-cell lymphoma dissemination in various organs, including the spine, femora and tibiae. Furthermore, whole-body bioluminescent intensities of mice were quantified to compare groups; the averaged tumor signal versus time profiles are illustrated in Fig. 4C . The placebo control mice (PBS) showed a rapid progression of tumor burden after 10 days. At day 25, the luciferase signals in the placebo group reached saturation. Our drug-free nanotherapeutic using the 1 h interval (Cons 1h) had a moderate effect of tumor inhibition, which was comparable to rituximab. The progression of lymphoma in these two groups (Cons 1h, Rituximab) was significantly delayed when compared to the placebo group. When the 5 h interval was used, the nanomedicine (Cons 5h) showed a substantial improvement over the 1 h treatment, leading to complete elimination of tumor load in 5 (out of 6) animals. At day 49, the average luciferase signal of Cons 5h was similar to the background and was significantly lower than Cons 1h (p = 0.004). Although there is no difference between Cons 5h and 1F5 mAb in tumor inhibition and animal survival, the anti-lymphoma efficacy of the designed nanotherapeutic, unlike mAbs, is independent of immune effector mechanisms, such as antibody-dependent cellular cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC) [31] , and is a direct result of only apoptosis. We also performed three-dimensional microcomputed tomography (3D microCT) imaging on the mice that bore Raji-luc lymphoma xenografts and underwent different treatments (Fig. 5) . These images were focused on the lumbar spine and hind limbs (hot-spots of B-cell NHL metastasis). Results revealed extensive bone destruction in the rituximab-treated mice and moderate bone lesions in the mice administered drug-free nanotherapeutics using the 1 h interval (Cons 1h). Observed bone heterogeneity was ex-tensive in the femur, and in some cases, the proximal tibia (close to the knee joint), indicating abnormal osteoclast activation (bone remodeling) stimulated by lymphoma metastases [32] . However, no signs of bone remodeling were found in mice treated with Cons 5h. Taken together, superior anti-lymphoma efficacy was achieved using the 5 h interval treatment, when compared to the 1 h treatment and rituximab. These results validate our hypothesis that 5 h is optimal for efficient pretargeting/2 nd -step targeting in drug-free macromolecular therapeutics.
Optimized nanotherapy completely eradicates lymphoma B-cells in 83% of mice
Ex vivo luciferase imaging was performed to examine tumors in multiple organs and tissues (Fig.  6A) . Results were concordant with in vivo imaging and showed that Raji-luc lymphoma cells readily infiltrated in the femora, tibiae and lymph nodes of the negative control mice (PBS). Extensive infiltration of the spinal cord was also seen, likely accounting for the occurrence of hind-limb paralysis [28] . In some cases, we observed light to moderate tumor signals in the lung, liver or brain ( Supplementary Material: Fig. S7 ) of control animals. However, most of the surviving mice (5 out 6) that were treated with the nanomedicine using a 5 h interval (Cons 5h) were completely tumor-free. Furthermore, we used flow cytometry to quantitatively analyze residual lymphoma B-cells in the femoral bone marrow (BM) of mice ( Fig. 6B and  6C ). Raji-luc cells harbor a dual reporter expressing both luciferase and green fluorescence protein (GFP) [22] . We additionally stained the cells with an anti-human CD19 antibody [24] and analyzed the percentage of GFP + CD19 + cells (Supplementary Material: Fig. S8 ). Results showed that the negative control mice (PBS) harbored substantial amounts of Raji-luc cells in the bone marrow (average 6.4%). The mice treated with the nanomedicine using a 1 h interval (Cons 1h) demonstrated significant improvement (average 2.7%). In the group that was treated using optimized treatment conditions (Cons 5h), all mice, including five long-term survivors and one animal sacrificed on day 105 due to a large abdominal tumor, had 0% lymphoma B-cells in the bone marrow. Histology further confirmed that the long-term surviving mice were tumor-free ( Supplementary Material: Fig. S9 ). Pathological examination suggested no acute or chronic toxicity caused by drug-free macromolecular therapeutics in any of the tissues evaluated, which corresponded to a stable body weight ( Supplementary  Material: Fig. S10 ). These results demonstrate excellent anti-NHL efficacy of the nanotherapeutics with the 2 components (Fab'-MORF1 and P-MORF2) administered at an optimal interval of 5 h. A low dose (58 μg × 3) of the pretargeting agent with a 5× excess of effectors was able to completely eradicate lymphoma B-cells in mice and was not toxic to normal tissues. Fig. 6. Eradication of lymphoma B -cells by drug-free macromolecular therapeutics. Mice i.v. injected with Raji-luc cells were exposed to different treatments as indicated in Fig. 4. (A) Representative ex vivo bioluminescent images of the control mice (PBS) and the mice treated consecutively with Fab'-MORF1 and P-MORF2 using 5 h as an interval (Cons 5h). In vivo images of the same mice are shown alongside. bra: brain, hea: heart, lun: lung, liv: liver, spl: spleen, kid: kidney, s.c.: spinal cord, l.n.: lymph node, tib: tibia, fem: femur, mus: muscle, sto: stomach, int: intestine. 
Drug-free nanotherapeutic showed higher potency than rituximab in NHL patient specimens
To further evaluate the clinical potential of the designed nanomedicine, primary cells were isolated from 4 mantle cell lymphoma (MCL) patients. MCL is an aggressive and incurable subtype of B-cell NHL. We treated the cells consecutively with Fab'-MORF1 and P-MORF2, as well as rituximab (or 1F5 mAb) hyper-crosslinked with secondary antibodies. The purpose of using secondary antibodies is to reproduce the function of FcR + immune effector cells, which partly reflects the in vivo therapeutic efficacy of anti-CD20 mAbs [12] . Results showed that the designed nanomedicine effectively induced apoptosis of MCL cells from all 4 patients (Fig. 7) . The percent of apoptotic cells was increased by about 2 fold when compared to the untreated cells. When compared to mAbs, the nanomedicine demonstrated superior apoptosis-inducing activity to rituximab in all 4 pa-tient samples, and to 1F5 mAb in 1 sample (patient 1). In patient 3, we observed an increase of apoptotic index with increasing concentration for all compounds tested. The efficacy of 1F5 and rituximab seemed maximized at 1 μM, whereas the nanomedicine reached maximal apoptosis induction at a lower concentration (0.5 μM). In patient 4, we employed two different time intervals (1 h and 5 h) between the treatments. Data showed that, when the time lag was increased from 1 h to 5 h, there was no change in efficacy for the nanomedicine. However, for both mAbs, the apoptosis-inducing activity dropped when the longer time interval was used. This phenomenon can be attributed to Fc-mediated endocytosis of the mAb/CD20 complex, which was observed elsewhere by other investigators [6] . These results highlight the potential of drug-free macromolecular therapeutics as a novel and potent treatment against B-cell lymphomas. Fig. 7 . Drug-free nanotherapeutic induces apoptosis of mantle cell lymphoma (MCL) cells from patients. Two samples were from lymph node biopsies (patients 1 and 2) and two from the peripheral blood (patients 3 and 4). Percent apoptotic cells was analyzed by annexin V binding and quantified with flow cytometry. Nanomedicine, Fab'-MORF1 followed by P-MORF2; Rituximab, rituximab followed by goat anti-mouse secondary Ab; 1F5 mAb, 1F5 followed by goat anti-mouse secondary Ab. Time interval between treatments was 1 h (unless otherwise indicated). Incubation time was 24 h. Fab' equivalent concentrations of treatments were 0.5 μM (for patients 1, 2 and 3) and 1 μM (for patients 3 and 4) . Data are presented as mean ± SD (n = 2 or 3). Statistics was performed by student's t test (*: p < 0.05). All treatment groups had significantly higher apoptotic indices when compared to the untreated cells.
Discussion
Data presented here validated the proposed concept and showed that the anti-lymphoma efficacy of the designed nanomedicine was significantly better than rituximab, the most frequently used anti-CD20 mAb in the clinic, while comparable to 1F5. In mice, the better efficacy of 1F5 (mouse mAb) when compared to rituximab (human/mouse hybrid mAb) was likely due to stronger binding of the Fc region of 1F5 by (mouse) immune effector cells [33] . It will be in-teresting to compare our approach with type II anti-CD20 mAbs (e.g., obinutuzumab) that can also induce direct apoptosis [34] . It is worth noting that drug-free macromolecular therapeutics depleted tumors by a single, well-defined mechanism (apoptosis) whereas the efficacy of mAbs is related to apoptosis as well as other effector mechanisms, e.g., ADCC and CDC [31] . We believe that the superior efficacy of our therapeutic results from the multivalent effect, i.e., the P-MORF2 conjugate has multimeric interactions with targets, in contrast to mAbs with only two binding sites. Our laboratory has previously shown that the multivalency of anti-CD20 constructs can magnify binding affinity and apoptosis induction by several folds, when compared to their monovalent or divalent counterparts [35] [36] [37] . We have also reported that, in addition to valence, the polymer MW had a positive influence on CD20 clustering and apoptosis [37] . Thus, it is possible to further improve the efficacy by using P-MORF2 with a higher valence and/or a larger polymer backbone, together with a higher dose of the pretargeting agent. See Supplementary Material: Supporting Discussion for further comparison with other multivalent CD20 targeting platforms.
This research offers a unique new strategy in lymphoma treatment by direct apoptosis induction; no small-molecule toxic drug or immune activation is involved. This approach avoids the severe side effects associated with conventional chemo-and radiotherapy. It has potential to treat or sensitize chemoresistant malignancies [38] . Compared to immunotherapies using anti-CD20 mAbs, the designed nanomedicine kills B-cells without the need for effector cells. This allows to target diseases that are not responsive to immunotherapy, which constitute about half of all NHL patients [3] . In the clinic, a large population of rituximab nonresponders harbors polymorphism in the IgG Fc receptor (FcR) gene [4, 5] , resulting in failure of effector cells to hyper-crosslink ligated mAbs (via Fc-FcR binding). Many other cases of mAb nonresponsiveness or resistance are due to CD20 downregulation [5] [6] [7] . For instance, repeated treatment of mAbs may lead to CD20 internalization, which is mediated by the inhibitory FcR expressed on the target B-cells themselves [6] . In contrast, once the Fc region was removed, Fab' of the same antibody was found to be non-internalizing [9] . More recently, resistance to rituximab has been attributed to "trogocytosis" (shaving of CD20 antigens from the surfaces of B-cells by macrophages via the regulatory FcR) [7] . It is noteworthy that all these mechanisms accounting for the nonresponsiveness/resistance are mediated by Fc-FcR recognition between mAbs and immune effector cells. Since our design does not contain Fc fragments, it may circumvent these mecha-nisms and benefit patients who do not respond to immunotherapy. Furthermore, our nano-sized therapeutic conjugates likely have better mobility and more rapid tumor penetration when compared to immune effector cells, which is advantageous to target solid tumors that are commonly seen in lymphoma patients.
The designed nanotherapeutic platform offers two types of treatment possibilities: (1) consecutive administration of Fab'-MORF1 and P-MORF2, and (2) premixture of the two conjugates. We have previously tested the in vivo anticancer efficacy of the premixture [16] . Such premixed treatment was able to extend the animal survival with an efficacy similar to that of the consecutive treatment. Although there is no significant difference in therapeutic outcomes, the proposed two-step (consecutive) treatment offers the opportunity of pretargeting. This is an advantage over the premixed treatment in that the timing of administration can be optimized based on PK and biodistribution of the pretargeting dose (Fab'-MORF1), in order to achieve maximal tumor-to-tissue accumulation and enable more efficient treatment. This concept has been successfully proven in the presented study. The optimized pretargeting time lag was 5 h after i.v. administration (in female SCID mice); at this time, most Fab'-MORF1 was cleared from the blood and reached a steady plasma concentration (Fig. 3A) and was efficiently distributed to the tumors (Fig. 3E ). This approach, in combination with imaging methods or with predetermined clinical characteristics of individual patients, can potentially be applied for personalized therapy to enhance therapeutic efficacy. Studies have shown that the pharmacokinetic profile of rituximab differs between responders and nonresponders [39] . Therefore, a two-step pretargeted platform, which offers flexibility to individualize the PK of therapeutic effectors, may benefit patients with inadequate response to mAbs treatment by overcoming the pharmacokinetic limitations. For clinical application, the pretargeting parameters can be more precisely determined with the aid of mathematical modeling [40] . Our approach may constitute a novel personalized nanotherapy for lymphomas and potentially other cancers.
Our approach will ultimately require validation and confirmation in properly conducted clinical trials. Nonetheless, the selection of CD20 as a pharmacological target is validated by extensive prior experience. Our therapeutic effector P-MORF2 will likely result in prolonged B-cell depletion compared to mAbs, due to a long blood circulation time of the HPMA polymer backbone [41, 42] . The plasma half-life of P-MORF2 can be further increased using multiblock backbone degradable HPMA copolymers [25, 43, 44] . Before translation to the clinic, one major issue to be addressed is potential immunogenicity of the conjugates. Here, the preclinical evaluation was performed in SCID mice, which are severely immunocompromised. It will be important to conduct immunogenicity studies using immunocompetent animals. The HPMA polymer is non-immunogenic [45, 46] . Its safety has been proven in clinical trials [47] . Moreover, conjugation of immunogens to HPMA copolymers reduces the immunogenicity [45] . Therefore, we anticipate that the P-MORF2 conjugate will have a favorable safety profile. Indeed, in the animal experiment performed here, mice were administered 3 doses of the designed therapeutic containing a total of about 18 mg/kg P-MORF2, and no toxicity has been observed. In the reported system, we used Fab' from a mouse 1F5 mAb [23] ; it is likely that when tested in humans, this system will trigger immune responses due to foreign, murine-derived protein fragments (e.g., production of anti-mouse antibodies and the associated allergic or hypersensitivity reactions). Such concerns can be addressed by switching to a humanized anti-CD20 mAb, e.g., ofatumumab, veltuzumab. Alternatively, we shall develop a humanized 1F5 mAb to address this issue.
Besides lymphomas, the therapeutic conjugates developed in this study can also be used for autoimmune diseases, such as rheumatoid arthritis, multiple sclerosis, and systemic lupus erythematosus, as well as chronic lymphocytic leukemia (CLL). All these diseases have been treated by anti-CD20 mAbs [48, 49] . Recently, we evaluated the designed therapeutics in patient CLL cells, including high-risk patients with the 17p13 deletion [50, 51] . Results showed that our treatment effectively induced apoptosis of CLL B-cells and led to subsequent cell death, and was more potent than the 1F5 mAb. In summary, we have developed a novel two-step pretargeted nanotherapy for treatments of B-cell malignancies. This approach is more direct and effective than type I anti-CD20 mAbs and possesses significant advantages over conventional chemo-, radio-, and immunotherapy.
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